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ABSTRACT: In this study, new alkaline exchange membranes

were prepared from the perfluorinated 3M ionomer with vari-

ous quaternary ammonium cations attached with sulfonamide

linkage. The degree of functionalization varied depending on

the cation species, resulting in different ion exchange capacities

(IECs), 0.33–0.72 meq g�1. There was evidence of polymer deg-

radation when the films were exposed to hydroxide, and hence

all membrane characterization was performed in the chloride

form. Conductivity was dependent on cation species and IEC,

Ea ¼ 36–59 kJ mol�1. Diffusion of water through the membrane

was relatively high 1.6 � 10�5 cm2 s�1 and indicated restriction

over a range of diffusion times, 6–700 ms. Water uptake (WU)

in the membranes was generally low and the hydration level

varied based on cation species, k ¼ 6–11. Small-angle scattering

experiments suggested ionic aggregation, 37–42 Å, independ-

ent of cation species but slight differences in long-range order

with cation species. VC 2012 Wiley Periodicals, Inc. J Polym Sci

Part B: Polym Phys 000: 000–000, 2012

KEYWORDS: ionomers; fluoropolymers; NMR; SAXS

INTRODUCTION The proton exchange membrane (PEM) fuel
cell is a very attractive energy conversion device owing to its
high power density; however, it suffers from a number of
disadvantages including the requirement for precious metal
catalysts and the challenge of oxidizing complex fuels under
acidic conditions.1–3. Recently, there has been increasing in-
terest in using alkaline fuel cells (AFCs) owing to the poten-
tial to utilize less expensive metal catalysts and the ability to
oxidize more complex fuels such as ethanol.2,4–6 Traditional
AFCs utilize a liquid electrolyte of aqueous potassium hy-
droxide; however, exposure to carbon dioxide generates in-
soluble potassium carbonate/bicarbonate precipitates that
can block active sites on the electrodes reducing perform-
ance.2,4,6,7 Recent research on alkali fuel cells has focused on
the development of a solid anion exchange membrane (AEM)
electrolyte that would combine the engineering benefit of a
solid polymer electrolyte and kinetic advantages of an alkali
fuel cell. The role of water in ion conduction and AEM stabil-
ity needs to be understood for practical commercialization of
an AEM fuel cell. Although adequate hydroxyl conductivity
has been demonstrated in AEMs under very wet condi-
tions,8–10 conductivity rapidly diminishes at lower relative
humidity (RH), and the stability of the cations in the poly-
mers may be an issue for long-term operation.2,4,6 It is,
therefore, important that anion conductivity in AEMs be

understood in detail with respect to polymer morphology,
water content, and cation chemistry.

Perfluorosulfonic acid (PFSA) membranes have dominated
the PEM fuel cell industry owing to their high proton con-
ductivity, and sufficient chemical and mechanical stability.5,11

Du Pont introduced their PFSA membrane, NafionTM, in the
1970s which exhibited higher conductivity and a longer life-
time compared to earlier PEMs.1 Today, Nafion and other
PFSA membranes remain the industry standard for PEMs
and the benchmark to which all new PEMs and AEMs are
compared.1,12 The performance and stability of PFSAs, along
with the vast literature available for comparison,13 has gen-
erated interest in synthesis of a perfluorinated AEM based
on the same polymer architecture. There have been several
studies on perfluorinated AEMs synthesized by the function-
alization of a PFSA precursor with a cationic species.14–17

The reported conductivity and cation stability varied greatly
for these membranes, indicating further study is necessary
to evaluate the potential for perfluorinated AEMs.

Chemical stability is a fundamental requirement for an AEM;
however, most common cation species used in AEMs exhibit
some level of degradation in hydroxide.2 Common cation groups
used in AEMs include quaternary ammonium, quaternary
phosphonium-, tertiary sulfonium-, and guanidinium-based

VC 2012 Wiley Periodicals, Inc.
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compounds.4 Unfortunately, degradation is a concern for all of
these cations, making production of a stable AEM difficult. The
most widely used cations for AEMs are quaternary ammonium
compounds, which suffer a number hydroxide degradation
routes. Quaternary ammonium compounds can undergo Hoff-
man elimination to form an amine and an olefin, nucleophilic
substitution to produce an amine and an alcohol, and elimina-
tion of hydrogen to form water and an ylide, which further
reacts to form an amine and an olefin.2,4,18 Some of these degra-
dation pathways can be avoided or reduced by careful selection
of cation species.2 Degradation of quaternary ammonium cati-
ons by hydroxide has been studied for cations in solution,18,19

but the stabilities of these cations tether to a polymer have not
been fully characterized. Direct comparison of cation species
effects on membrane conductivity, morphology, and stability is
necessary as AEM development progresses toward practical
application.

In this study, we have functionalized a commercially pro-
duced perfluorinated ionomer with three different quater-
nary ammonium cation species to produce perfluoroquater-
nary ammonium (PFQA) AEMs. The three cation species
reacted to different degrees, resulting in a range of ion
exchange capacities (IECs). These polymer membranes were
evaluated as potential AEMs based on conductivity, water
diffusion, WU, and polymer morphology. Membrane conduc-
tivity, WU, and morphology all varied, to some degree, based
on the cation species tethered to the polymer with the small-
est methyl ammonium cation having the highest conductivity
and WU. Unfortunately, all of these membranes displayed
significant degradation by hydroxide and further study
would be needed to produce stable cation species on a per-
fluorinated AEM.

EXPERIMENTAL

Materials
The sulfonyl fluoride version of the perfluorinated ionomer
at 800 EW was supplied in powder form by 3M. All other
chemicals were purchased from Sigma Aldrich and were of
reagent grade.

Synthesis and Processing
The reaction scheme to synthesize the PFQA polymer was
based on the patent by Matsui,20 with modifications to the
solvent to increase polymer swelling, extension of reaction
times to improve conversion, and an additional washing step
with triethylamine to remove an acid by-product that would
have hindered the alkylation step. In a typical synthesis, the
dried (vacuum oven, overnight, 50 �C) 3M ionomer (10 g)
was first swelled in anhydrous dimethylacetamide, about 25
cm3, decanted from molecular sieves, at a temperature of
100 �C. The perfluorosulfonyl material was aminated using a
10-fold molecular excess of the diamine, consisting of a 3-
carbon methylene chain with a primary amine on one end
and a tertiary amine on the other, such as 3-(dimethyla-
mino)-1-propypylamine. The solvent was then removed and
treated with triethylamine (15 cm3) to completely remove
the HF byproduct and the product again dried by rotovap. A
10-fold excess of alkyl iodide was then introduced to the
reaction vessel to quaternize the terminal amine. The mate-
rial was then dried and treated with a fivefold excess LiCl in
MeOH (25 cm3) overnight, followed by solvent removal and
drying in a vacuum oven. The final product was separated
from the excess LiCl by thoroughly washing with water, and
a final drying step to give a light brown powder. After qua-
ternization, the counter-ion associated with the cation can be
changed by an ion exchange reaction. The ion exchange reac-
tion involves soaking the material in a 1 M solution of the
desired ion solution for at least 24 h. Following the ion
exchange reaction, the material must be washed thoroughly
with water to remove excess ions from the polymer. The
overall reaction scheme followed is shown in Figures 1 and
2, indicating the functionalized cation structures of the
resulting materials. The polymers were cast into membranes
from dimethylacetamide on Teflon blocks and dried under
reduced pressure (200 mbar) at 70 �C, to give light brown
brittle films, 70–150 lm.

Measurements
Fourier transform infrared (FTIR) spectra were obtained on
a Nicolet Nexux 470 FTIR ESP with an attached Specac

FIGURE 1 Reaction scheme for the functionalization of the 3M sulfonyl fluoride ionomer with quaternary ammonium cations.
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Diamond attenuated total reflectance (ATR) attachment. Typ-
ical spectrum range was 4000–500 cm�1 with a resolution
of 4 cm�1 and 128 scans. The 1H NMR spectrum was
obtained using a Jeol ECA-500 Spectrometer at 500 MHz.
Analysis of the spectra was performed using the Delta spec-
tral software.

The IEC of the material was determined by titrating the chlo-
ride ions in solution after soaking chloride-form membranes
in 1 M sodium bicarbonate solutions for 48 h. Standardized
silver nitrate solution was used to titrate the membrane sol-
utions with a potassium chromate indicator. The end point
for the titration was defined as the point where permanent
rust-colored precipitates were observed in solution.

The in-plane conductivities of the membranes were calcu-
lated using electrochemical impedance spectroscopy to mea-
sure membrane resistance as given by eq 1.

r ¼ l

R � w � t (1)

where R is the membrane resistance, l is the distance
between the electrodes, w is the width of the membrane
samples, and t is the thickness of the sample. Impedance
spectra were obtained over a frequency range of 1–105 Hz
using a four-electrode test cell connected to a BioLogic
VMP3 multichannel Potentiostat. The measurements were
made in a TestEquity environmental chamber to control sam-
ple temperature and humidity. The resistance of the mem-
brane was determined from the low-frequency intercept of
the Nyquist impedance plot. All samples were in the chloride
form and experiments were performed at constant RH of 80
or 95%, varying temperature from 50 to 90 �C in 10 �C steps.

Self-diffusion coefficients were measured by pulsed-field gra-
dient nuclear magnetic resonance (PFG-NMR) spectroscopy
with a stimulated echo pulse sequence. Pulse gradient NMR
experimental data were analyzed by using the Stejskal–Tan-
ner equation21,22 given in eq 2

S

S0
¼ e�c2G2d2 D�d

3ð ÞD (2)

where S and S0 represent the signal amplitude and the signal
amplitude at zero gradient, c is the gyro magnetic ratio, G is
the gradient strength, d is the gradient pulse length, D is the
diffusion time, and D is the apparent diffusion coefficient.
Membrane samples were wound into a cylinder and sus-
pended above saturated salt solution in a 5-mm NMR tube
to generate an environment of 80% RH. A pulse gradient-
stimulated echo sequence was performed using a Bruker
AVANCEIII NMR spectrometer and 400 MHz wide bore Mag-
nex Magnet. Proton diffusion measurements were made
using a 5-mm Bruker single-axis DIFF60L Z-diffusion probe.
The 90� pulse length was on the order of 5.0 ls. Typical pa-
rameters at 25 �C were G ¼ 0–128 G cm�1, incremented in
16 steps, d ¼1 ms, D ¼ 6–700 ms. The Bruker TopSpin soft-
ware was used for data acquisition and analysis. Multiple dif-
fusion experiments were performed varying the time
between pulses, (D), between 6 and 700 ms with a constant
gyromagnetic ratio (c) of 4258 Hz G�1 and pulse length (d)
of 1 ms. The maximum gradient strength for each experi-
ment was chosen to produce a full decay of the signal inten-
sity over the length of the experiment. The decay of the sig-
nal intensity was plotted against gradient strength for each
experiment and fit to eq 2 to determine the diffusion
coefficient.

WU was characterized using a SMS dynamic vapor sorption
apparatus. A small-membrane sample, about 25 mm2, was
placed on a glass weigh plate and change in mass was meas-
ured gravimetrically under different humidity conditions. Hu-
midity was cycled between dry and saturated conditions in
steps of 20% RH. The WU of the membrane was calculated
based on eq 3

WU ¼ m%RH �mdry

mdry
� 100 (3)

where m% RH is the mass of the sample at the given RH and
mdry is the mass of the dry sample. Given the WU at satu-
rated conditions and the known IEC of the membrane the
hydration level, k, which is the number of waters per cation
functional group can be calculated using eq 4

k ¼ nðH2OÞ
nðNRþ

4 Þ
¼ WU

mðH2OÞ � IEC
(4)

where m(H2O) is the molar mass of water. The mass of the
membrane was monitored as a function of time while incre-
mentally changing the RH. The mass of the dry membrane
was taken as the measured mass at the end of the initial 4-h
drying period. The WU was calculated based on eq 3 using

FIGURE 2 Resulting cation structures after functionalization of

the sulfonyl group, the curved bond represents the sulfur

attachment to the pendant chain of polymer. The resulting spe-

cies are (a) methyl ammonium (PFMA), (b) trimethylbenzyl am-

monium (PFTMBA), and (c) ethyl ammonium (PFEA).
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the measured mass at the steady state of each 2-h humidity
step.

Small angle X-ray scattering experiments were performed at
The Basic Energy Sciences Synchrotron Radiation Center,
beamline 12-ID-B, at the Advanced Photon Source at
Argonne National Lab. Measurements were taken in a trans-
mission geometry using a Pliatus 2M SAXS detector and a
Pliatus 300K WAXS detector with an acquisition time of 1 s
at a beam energy of 12 keV and incoming X-ray wavelength
of 1 Å. The 2D scatter was radially integrated to obtain data
of intensity versus scattering vector q. The transmission in-
tensity was normalized to exposure time and flux of the
direct beam through the sample. However, because of the
swelling of the samples tested, absolute thickness and atomic
density could not be determined in situ and the intensity
units become arbitrary. A custom-built four-sample oven
controlled the humidity and temperature of the samples dur-
ing scattering experiments. Typical experiments contained
three membrane samples and one empty window and hence
a background spectrum could be obtained throughout the
scattering experiment. The humidity of sample environment
was controlled using a combination of wet and dry nitrogen.
Samples were removed from water, blotted dry, and mounted
on the sample holders using KaptonTM tape. Samples were
inserted into the oven maintained at 60 �C and 95% RH. The
samples were allowed to take up water for 20 min before X-
ray spectra were taken. Humidity was then stepped down to
75, 50, 25%, and dry gas in 15-min steps. After the dry step
was completed, the humidity was set directly to 95% RH for
15 min to test for hysteresis of the membranes.

RESULTS AND DISCUSSION

The synthesis of the polymer followed the reaction scheme
in Figure 1 to produce the three polymers shown in Figure
2. Characterization of the progress of the reaction and final
reaction product were performed using a combination of
FTIR, NMR, and chloride titration. FTIR spectra were
obtained for the precursor material and following the amina-
tion and quaternization reactions (Fig. 3). All of the aminated
materials displayed new peaks, indicating attachment of the
amine to the polymer. Following the quaternization reaction,
all of the materials showed a broad peak at 3500 cm�1. The
3M-sulfonyl precursor material showed broad absorbance
peaks between 1300 and 1100 cm�1 corresponding to the
CAF bonds along the backbone and side chain. All spectra
were normalized to the high intensity peak at 1200 cm�1

owing to the stability of the CAF backbone throughout the
reaction. The precursor material also showed a distinct peak
at 1470 cm�1 that is associated with SAF motion23 or the
asymmetric stretch of the SO2F group.16 This peak is drasti-
cally reduced upon amination where the SAF bond is
replaced by an SAN bond. The SAN bond produces a new
peak at 1375 cm�1.24 The peak at 1470 cm�1 was not
reduced completely, suggesting incomplete reaction of the
sulfonyl groups. The unreacted sulfonyl groups can hydrolyze
to sulfonic acid upon exposure to water, which would pro-
duce distinct new peaks at 1290 and 1060 cm�1.25 However,

FIGURE 3 (a) Full IR spectra of the 3M sulfonyl precursor,

methyl aminated polymer, and quaternized methyl ammonium

polymer. (b) Magnification of the spectra to highlight the

reduction of the SAF peak at 1470 cm�1, addition of the SO2N

peak at 1375 cm�1 and NAH peak at 1650 cm�1, and the lack of

distinct sulfonic acid peaks at 1290 and 1060 cm�1. (c) Magnifica-

tion of the spectra to highlight the CH2 and CH3 peaks between

3000 and 2700 cm�1 and the broad peak between 3600 and 3000

cm�1 owing to water association with the cation group.
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the regions at 1290 and 1060 cm�1 display only low-absorb-
ance shoulders similar to the precursor spectra, suggesting
conversion to sulfonic acid was very minor. The attachment
of the diamine to the sulfonyl produces new peaks at 1650
cm�1 corresponding the to NAH bond and 3000 and 2700
cm�1 corresponding to the CAH bonds of the alkyl groups of
the diamine. Figure 4 shows the spectra of all perfluorinated
polymers following the quaternization reaction step. A broad
peak between 3600 and 3000 cm�1 is present after the al-
kylation reaction owing to the OAH bond of water coordinat-
ing with the newly formed quaternary ammonium cation
group. There is little difference between the FTIR of the
quaternized polymers owing to their similar chemical
compositions.
1H NMR experiments were performed on the methyl and tri-
methylbenzyl ammonium samples to confirm the chemical
attachment and structure of the quaternized polymer spe-
cies. The ethyl ammonium polymer did not adequately dis-
solve in any common NMR solvents preventing 1H NMR
characterization. All materials were thoroughly washed to
remove residual salts following the LiCl ion exchange treat-
ment and dried overnight in a vacuum oven before NMR
sample preparation. The 1H NMR spectra for the methyl and
trimethylbenzyl ammonium polymers showed peaks repre-
senting the alkyl chain of the amine and quaternary ammo-
nium groups; however, the spectra had additional peaks that
were not easy identified. In the 1H NMR (Fig. 5) the methyl-
ene protons are assigned to the protons at 1.1, 2.15, and 2.4
ppm and the methyl of the quaternary ammonium at 2.6
ppm. The proton on the sulfonamide is tentatively assigned
to the shoulder at 3.0 ppm. Three additional peaks marked
with asterisk in the figure were observed. From separate
experiments, it was shown that the reaction of the diamine

with alkyl iodide produced a white salt that was insoluble in
water and common organic solvents. Tentatively, we assign
these peaks to the fully quaternized diamine, which would
now be symmetrical giving rise to methylene peaks at 0.2
and 1.0 ppm and the methyls of the quaternary ammonium
at 2.5 ppm. It is suspected that excess diamine was pre-
served in the polymer and quaternized during alkylation or
that the diamine detached during the quaternization reaction
and was further alkylated, producing the insoluble salt that
is responsible for the additional proton peaks in the 1H NMR
spectra. Further evidence for this was shown in the 1H NMR
of the trimethylbenzyl polymer where the dication coproduct
is now not symmetrical, resulting in a complex 1H NMR
spectrum (data not shown).

One objective of this study was to study the anionic trans-
port of this material in the hydroxide form. However, several
experiments clearly proved that the cationic linkage chemis-
try was not sufficiently stable for this characterization. In a
standard acid/base titration to determine membrane IEC, in
which the membranes were treated with sodium hydroxide
in the first step, the calculated IECs were exceedingly low,
three orders of magnitude lower than when a chloride ion ti-
tration was performed (see below). The extremely low IEC
values calculated from the acid/base titration suggested that
the membranes were not stable in hydroxide solution and
resulted in the loss of cation groups. An attempt was also
made to measure the ionic conductivity of the PFQA mem-
brane in the hydroxide form using a modified BekkTech cell
that allowed in situ hydroxide exchange, followed by thor-
ough washing, and measurement with rigorous exclusion of
carbon dioxide. During this test, the membrane conductivity
steadily decreased with time, again suggesting chemical deg-
radation by hydroxide. Membranes exposed to hydroxide and
later exchanged back to the chloride form produced much

FIGURE 4 IR spectra of all PFQA polymers following the qua-

ternization reaction step. The PFMA, PFTMBA, and PFEA all

show a broad peak at 3500 cm�1 owing to the coordination of

water to the ammonium as well as the alkyl peaks from the

amine.

FIGURE 5 1H NMR spectra of the PFMA polymer. The peaks

identified as the alkyl and ammonium hydrogens are shown

on corresponding chemical structure. Unidentified peaks,

thought to be a result of insoluble diamine salts, are labeled

with a star.
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lower conductivities than pristine membrane samples, con-
firming that hydroxide irreversibly altered membrane chem-
istry. There is evidence in literature that ammonium17 and
guandinium26 cations attached directly to the side chain of a
perfluorinated polymer are unstable in hydroxide. To under-
stand the relationship of anion conductivity to cation size
and polymer morphology, all characterization and testing
were performed on the polymers in the chloride form to
ensure that the data were not biased by the instability of the
polymer in the hydroxide form.

The extent of quaternization, reflected by the IEC (Table 1)
had a significant effect on polymer performance as will be
shown in the characterization of the materials. The methyl

ammonium material quaternized to the fullest extent giving
it the highest IEC, 0.72 meq g�1, the maximum theoretical
IEC being about 1.0 meq g�1. The trimethylbenzyl ammo-
nium and ethyl ammonium materials had IEC values of 0.52
and 0.33 meq g�1, respectively. The lower IECs of the larger
cations were a result of the steric hindrance of the larger
alkyl groups on the amine and larger alkylating group that
restricted quaternization of the amine.

Ionic conductivity of the quaternized species was performed
using electrochemical impedance spectroscopy at tempera-
tures of 50–90 �C and constant RH. This experimental
method allowed calculation of the energy of activation (Ea)
for ion conduction in the material by an Arrhenius relation-
ship (Table 1). Figure 6 shows the conductivity for all poly-
mer samples at 80 and 95% RH. The conductivity increased
for all polymer samples with increased temperature and hu-
midity. The conductivity was highest for the methyl ammo-
nium polymer, followed by the trimethylbenzyl and ethyl am-
monium. Conductivity increased with increasing IEC at both
humidities (Fig. 7). The activation energies calculated for the
PFQA materials ranged from 36–59 kJ mol�1 (Table 1).
These activation energies are very high compared to the
reported activation energies for NafionTM that range from 5
to 20 kJ mol�127,28 and those for other AEM (10–25 kJ
mol�1).9,28 The high activation energies for the PFQA mem-
branes, even at high humidities, may suggest the percolation
networks generated in hydrated PFSA13,29,30 membranes do
not extend fully for the AEMs tested.

TABLE 1 Summary of the IEC, Conductivity, and Corresponding Activation Energy, WU, and Diffusion Coefficient for PFQA

Polymer Membranesa

Material IEC (meq g�1) r (mS cm�1) Ea (kJ mol�1) WU (%) k D (cm2 s�1)

PFMA 0.72 6 0.02 4.8 6 0.1 36 6 5 8.0 6 0.2 6.2 6 0.2 1.6 � 10�5

PFTMBA 0.52 6 0.02 3.3 6 0.2 59 6 5 7.1 6 0.1 7.6 6 0.3 –

PFEA 0.33 6 0.01 0.6 6 0.5 50 6 14 6.6 6 0.1 11.0 6 0.4 –

a The conductivity and WU are for saturated conditions at 60 �C. The diffusion coefficient was measured at 80% RH and 25 �C.

FIGURE 6 Conductivity of PFMA *, PFTMBA ^, PFEA n at (a)

80% RH and (b) 95% RH versus temperature. The markers rep-

resent the experimental data and the lines represent the Arrhe-

nius fit used to calculate activation energy.

FIGURE 7 Conductivity as a function of IEC, all measurements

are at 60 �C, the data sets are for 80% RH and 95% RH.
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PFG-NMR was performed on the methyl ammonium polymer
to determine the diffusion of water through the membrane.
The calculated diffusion coefficient was plotted versus the
time between gradient pulses (D) to evaluate the restriction
of diffusion in the membrane along different length scales
(Fig. 8). The calculated diffusion coefficient decreased as the
time between gradient pulses was increased, indicating
restriction to diffusion in the membrane. By regression of
the diffusion coefficient to a D of zero the free diffusion coef-
ficient D0 was determined to be 2.5 � 10�5 cm2 s�1 which
is slightly larger than the free diffusion coefficient of liquid
water,31,32 suggesting that these data overestimate the free
diffusion coefficient of water in the membrane. The bulk, or
infinite, diffusion coefficient is taken as the diffusion coeffi-
cient at the largest D and was equal to 1.6 � 10�5 cm2 s�1.
These values are relatively high compared to diffusion coeffi-
cients reported for NafionTM which are generally <1 � 10�5

cm2 s�1.33–36 The high diffusion through the membrane may
indicate a different long range ordering in the quaternary
ammonium membranes compared to PFSA membranes. The
relatively low ionic conductivity observed in the PFQA mem-
branes compared to the high diffusion suggests that the ionic
transport mechanism is different from the water transport
mechanism for the membrane in the chloride form.

WU in the membrane was measured gravimetrically in a
dynamic vapor sorption apparatus (Fig. 9). WU was greatest
for the methyl ammonium material with a maximum WU of
about 8 wt %, followed closely the trimethylbenzyl and
ethyl ammonium polymers. This level of WU is significantly
lower than that of PFSA membranes. The trend of WU val-
ues corresponds with the IECs and performance of the
membranes in conductivity experiments; however, the dif-
ference in WUs is less than expected, given the significant
difference in IECs. The hydration level (Fig. 10) has a
reverse trend from the WU measurements. The ethyl am-
monium material showed the largest number of coordinat-
ing waters, k ¼ 11 at 95% RH, followed by the trimethyl-
benzyl and methyl ammonium materials, k ¼ 8 and 6,
respectively. The similar WU but different hydration levels
based on cation suggests that the solvation structures of
the cations are different.

Morphology and membrane swelling were characterized
using small angle X-ray scattering. The dominant feature of
the SAXS spectra for the PFQA materials is a peak around
0.15 Å�1 (Fig. 11). This feature is similar to the ‘‘ionomer
peak’’ of PFSA materials that corresponds to the ionic
aggregates of the polymer where water will be contained
for swollen membranes.29,30,37 This peak in the PFQA mate-
rials is larger for the dry membranes about 40 Å, compared
to PFSA materials about 30 Å.38,39 The peak shifts to lower
q as the humidity is increased owing to the expansion of
the ionic domain with water. Membrane swelling of the
ionic region did not depend on cation species with all mem-
branes having a 4–5 Å increase of the ionic region from a
dry to humidified state (Fig. 12). The increase in size of the
ionic region in the PFQAs is low compared to PFSAs, which
generally have a 10–15 Å increase in size from a dry to
humidified state.38,39 The lower swelling of the PFQA mem-
brane is expected, given the low WU of these membranes.
Although all the samples showed a slight shift in peak posi-
tion, the shape and features of this region remained con-
stant, indicating no major structural reorganization of the
ionic aggregates; this could contribute to the low ionic con-
ductivity of the PFQA membranes. The position of the SAXS
spectra upturn between 0.03 and 0.04 Å�1 differed with

FIGURE 8 Calculated self-diffusion coefficient of water through

the methyl ammonium membrane at different D values, the

time between the gradient pulses.

FIGURE 9 WU for PFQA membranes at relative humidities

between 0 and 95% RH, lines are just for clarity.

FIGURE 10 Hydration level of the PFQA membranes at relative

humidities from 0 to 95% RH, lines are just for clarity.
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respect to the functionalized cation species and suggested
different long polymer orderings in the membranes with
cation species (Fig. 12).

CONCLUSIONS

In this study, a perfluorinated polymer was functionalized
with different quaternary ammonium cation species and the
resultant PFQAs evaluated as potential AEMs. Acid–base titra-
tion and conductivity in the hydroxide form indicated all poly-
mers suffered chemical degradation by hydroxide, eliminating
the cation species from the polymer. Although reaction condi-
tions were maintained constant for all polymers, the degree
of functionalization varied with cation species, resulting in
different IECs. Larger cation species had lower degrees of
quaternization owing to steric hindrance during the alkylation
reaction, highlighting the need to consider cation species and
synthetic route during AEM development. Conductivity was
shown to be highly dependent on cation species and IEC, and
the activation energy for ion conduction was relatively high
compared to PFSAs and other AEMs. The smallest cation spe-
cies, methyl ammonium, reacted to the fullest and had the
highest conductivity and hence it was the focus of additional

study. Diffusion of water through the methyl ammonium
membrane showed restriction over different diffusion times.
Overall, the fast diffusion of water in the membrane may indi-
cate that the water transport mechanism is different than the
ionic conduction mechanism for the PFQA systems in the
chloride form. WU was generally low for the PFQA materials
and hydration level varied based on cation species, suggesting
different solvation structures. Small-angle scattering experi-
ments suggested ionic aggregation in PFQA materials similar
to PFSA membranes that did not depend on the cation spe-
cies, but other SAXS features suggested slight differences in
long-range order with cation species. The significant differen-
ces in membrane conductivity, WU, and morphology based on
functionalized cation species highlight the importance of con-
sidering cation species when developing an AEM. The PFQA
membranes suffered from significant degradation from hy-
droxide signifying the need for the development of more sta-
ble cation species and chemical linkage to the polymer before
a perfluorinated AEM could be commercialized. Future study
will focus on developing a different chemical attachment of
the cation to the sulfonyl group and different cation species
to improve polymer stability.

FIGURE 11 SAXS spectra for the PFQA membranes (a) PFMA, (b) PFTMBA, (c)PFEA, the black data represent the humidified mem-

branes at 95% RH with the colors getting lighter as humidity is decreased to 75, 50, and 25% and finally 0% RH as the lightest

gray data.

FIGURE 12 D-spacing of the (a) ionomer peak and (b) SAXS upturn with respect to the hydration level of the membranes at the

different humidities evaluated during the SAXS experiments. PFMA *, PFTMBA ^, and PFEA n.
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